To estimate between-scanner functional MRI (fMRI) reproducibility in a multisite study.
MULTISITE STUDIES may remediate some of the limitations in current functional magnetic resonance imaging (fMRI) research, in particular the difficulties in assembling large sample sizes in clinical populations. Sufficient reproducibility of fMRI measurements across scanners is necessary for multisite investigations. In an extreme situation, if most of the variance in the measurements were attributable to differences between scanners rather than the factors of interest (i.e., subjects, tasks), fMRI results would be largely site-dependent and the validity of pooling results over sites would be in doubt. Estimating variance components is thus important to assess the validity of multisite measurements.
Previous quantitative estimates of the effect of between-scanner variability on functional measurements are, to our knowledge, limited to the results of an experiment performed by the Biomedical Informatics Research Network (1, 2) . This study identified two scanner-related variables (field strength and type of k-space) in addition to the particular subject under study as significant predictors of result accuracy. However, no estimate of the variance attributable to each of these factors was reported. Other multiscanner investigations have assessed reproducibility using qualitative comparison of the activation maps (3, 4) .
In the present work, we report the results of a pilot investigation of between-scanner reproducibility. Five subjects were scanned in five magnetic resonance systems on the same day, while performing a blocked design finger-tapping paradigm. Our analysis focuses on a region of interest (ROI) in the motor strip. Reproducibility was estimated using random effects variance components such that the total variance was partitioned into between-scanner, between-subject, and residual components (5).
MATERIALS AND METHODS

Participants and Task
Participants were five healthy, right-handed volunteers (four female), aged 25 to 30 years. The experimental condition was self-paced finger tapping with the right index finger, and the control condition was silent rest. Before scanning, subjects were trained to perform the finger tapping at a uniform rate. Subjects performed the active task for 30 seconds and the control task for 30 seconds in a blocked design with three repetitions of each condition.
fMRI Acquisition and Analysis
Participants were tested on five different MRI scanners with fMRI capabilities on the same day, from 10 AM to 10 PM. The scanners were all 1.5 Tesla General Electric systems (GE Healthcare Technologies, WI, USA), located in separate hospitals in Sao Paulo, Brazil. Subjects visited all scanner sites together as a group, and the order in which the subjects were scanned was counter-balanced between scanners.
The same team of field engineers maintained all MR systems, and the manufacturer specifications were matched. Although in two of the systems a daily routine measurement of echo-planar imaging (EPI) ghosting and signal-to-noise ratio (SNR) is part of the institutional quality assurance program (6), there was no special procedure taken regarding the results during the weeks preceding the experiment. The same quadrature head coil was used for all measurements.
A total of 60 scans consisting of eight noncontiguous T2*-weighted echo planar axial slices (TR ϭ 3 seconds, TE ϭ 40 msec, flip angle ϭ 90°, and voxel size ϭ 3.3 ϫ 3.3 ϫ 7.7 mm) were collected during the three active/ control task cycles. A single T1-weighted spoiled gradient-recalled (acquisition in the steady state SPGR) structural image of the whole brain with 1.5-mm axial slices was acquired for subsequent registration to the standard stereotactic space of Talairach and Tournoux (7) .
Software developed at the Institute of Psychiatry, King's College London, UK was used throughout the fMRI preprocessing and analysis (8 -12) . Subject motion was corrected by realignment to the average scan. Piecewise baseline linear correction was used to remove linear trends within each active and rest blocks. The data were spatially smoothed using an in-plane Gaussian filter with standard deviation (SD) ϭ 1 voxel (full width at half maximum [FWHM] approximately 7.8 mm). To investigate whether reproducibility results were affected by filter size, we repeated the analysis with a smaller filter (SD ϭ 0.5 voxels, FWHM approximately 3.9 mm). Finally, functional data were registered to each subject's own anatomical scan.
Responses to the experimental paradigm were detected by time-series analysis using a convolution of a box-car function representing the experimental design with two gamma-variate functions with peak responses at four and eight seconds. The weighted sum of the two convolutions giving the best fit (minimizing least squares) to the time series for each voxel was computed. The statistical significance of the resulting ratio of model over residual sum of squares (SSQ ratio) was evaluated against a distribution derived under the nullhypothesis of no experimental effect and generated by 20 cyclical permutations of the time series after orthogonal transformation into the wavelet domain (11) . Repeated application of this method at each voxel followed by recalculation of the goodness of fit statistic from the permuted data allows the data-driven calculation of the null distribution of the statistic. Using this distribution it is possible to compute the critical value of the goodness of fit statistic to threshold the maps for any desired type I error. The detection of activated voxels is then extended from voxel to cluster level (12) . We used the conventional P ϭ 0.05 threshold level, corrected for multiple comparisons, throughout individual and group analysis, except for cluster-level analyses, in which the threshold was less than one expected type I error cluster per brain. In addition to the SSQ ratio, we computed for each voxel an estimator of the change in blood oxygenation level dependent (BOLD) response attributable to the experimental effect normalized to the mean amplitude at that voxel. The maps of the goodness of fit statistic and BOLD signal change were then transformed into the standard space of Talairach and Tournoux (7) .
Group activation maps based on the 25 observations were computed by determining the median of the goodness of fit statistic at each voxel (over all individuals) in the observed and permuted data maps. The distribution of the median goodness of fit statistic over all intracerebral voxels from the permuted data was then used to derive the null distribution. In this manner, a group and 25 individual unthresholded BOLD signal change maps and thresholded SSQ ratio maps (defined by combinations of scanner site and subject) were obtained. As expected, a single cluster of activation in the primary motor area was derived from the group map. This cluster was then used as a mask to functionally define the ROI where our analysis would be focused. Within the mask, two outcome variables were retrieved for each individual observation: the mean experimental BOLD percent signal change over the whole ROI and the number of voxels declared activated in the ROI, or volume of activation.
Variance Components Analysis
An analysis of variance (ANOVA) model was fitted to the data for each of the outcome variables, to investigate whether scanner and subject considered as categorical factors were introducing significant variability in the measurement of the outcome variables. These factors were modeled as random effects (5) to allow population inferences. For any of the two outcome variables, the random-effects model may be written:
where:
• i ϭ 1,2, . . . , I , j ϭ 1, 2, . . . , J with I ϭ number of scanner sites, J ϭ number of subjects. Therefore, a i represents the random site effect, b j the random subject effect, and ε ij represents the residual error. 2 ϭ 0 or no between-subject variance were tested using F-like statistics from the ANOVA model, which distribution was determined by permutation testing with 999 permutations. Following Edgington (13) recommendations for two-way ANOVA, the scanner and subject labels were each permuted independently of each other, that is, permuting the scanner labels within each subject and vice versa. The 95% confidence intervals (CIs) for ratios of betweenscanner and between-subject over total variance were computed using the percentile method of the nonparametric bootstrap (14) with 999 samples. The limits of the CI are given by the two values that encompass the central 100(1 -␣)% of the bootstrapped distribution of the parameter. In our analysis, the 2.5 and 97.5 percentiles of the ordered distribution of the bootstrapped and observed variances then give the 95% CI. Computations were implemented using the R statistical language (15) .
RESULTS
fMRI Activation Maps
Significant activations in motor areas were detected in each of the 25 measurements. The group analysis revealed as expected only one statistically significant cluster of activation at the group level in motor areas, of volume 421 voxels. The coordinates of the peak of maximum activation of that cluster in standard Talairach space were: x ϭ -29, y ϭ -30, z ϭ 48, which define a location in Brodman Area 4 in the precentral gyrus, the primary motor cortex. This cluster was used as a mask to measure the outcome variables (mean BOLD signal change and volume of activation). The individual values for each subject and site are presented in Table 1 and plotted in Fig. 1 . In the following, sites are referred to by a number, while capital letters reference subjects.
In spite of important variability, both mean BOLD signal and volume of activation were remarkably reproducible within subjects across scanners. For example, subject A showed in each system the largest signal change and volume of activation. As well, mean BOLD signal change for subject B varied within a relatively small range across all five MR systems (0.15-0.24%). No such a strong effect was apparent for scanners, although scanner 2 showed higher clustering of the results across subjects than the other systems (Fig. 1) .
Variance Components Analysis
Between-scanner variability accounted for 8.34% of the total variance observed in the experimentally induced BOLD signal change. For the volume of activation, the difference between scanners accounted for a smaller share of the total variance in the measurements (estimate of 5.46%). From the random-effects model and the bootstrap analysis there was no evidence that scanners were introducing statistically significant variability in the results, as both P-values were above the conventional threshold of 0.05 and all 95%CI included the zero value (Table 2) .
Between-subject variability was the largest contributing factor for both outcomes, accounting for 57.17% of the total variability for BOLD signal change and 54.46% for volume of activation. Between-subject variability was thus, a highly significant factor in the variability in the BOLD signal change and volume of activation.
The previous analysis was repeated with a smaller filter size (Gaussian filter with SD ϭ 0.5 voxels, approximately 3.9 mm FWHM). The results of the variance components analysis were similar (Table 2) , although there was a decrease in the amount of variance explained by the factors under study.
DISCUSSION
During a finger-tapping paradigm, between-scanner variance represented a relatively small part of the total variance for two important aspects of the activation within a primary motor ROI: experimentally induced BOLD signal change and volume of activation. The highest point estimate of the between-scanner contribution to variability for either outcome was below 10%, and the upper bound of the CIs was below 15% of the total variance for both measurements. Between-subject differences accounted for approximately half of the total variation.
Variance components analysis produces interpretable estimates of variance proportions attributable to the different sources of variability (5). These estimates can then be used to appraise the reliability of a given measurement system (16) or to design experiments using such a system. Even with this analytic device assessing reproducibility in fMRI activation maps remains problematic. Each factor (subjects, scanners) under study could in principle independently influence at least three parameters in the activation maps: the location of the clusters of activation, the intensity of the signal, and the SNR. We have tried to limit the effect of the first parameter by employing a robust motor paradigm and by restricting our analysis to a motor ROI, which captured most of the relevant activity. Signal intensity variability was estimated in the BOLD signal change estimate. Between-subject or between-scanner variation in statistical noise was addressed indirectly, by including both a statistically thresholded (volume of activation) and an unthresholded (BOLD signal change) measure of activation. We found comparable estimates of variance components for both measurements, suggesting that the variation in statistical noise across subjects or scanners was unlikely to be substantial. Past work on multisite fMRI reproducibility showed "highly similar results" using a word-stem completion task measured in two laboratories (3) and "reliable patterns of activation" (4) during a working memory task performed across four sites. These assessments were mostly based, however, on qualitative visual judgments of the activation maps and no quantitative estimate of reproducibility was obtained.
To our knowledge, only one previous study has quantitatively examined the issue (1, 2) . In an experiment performed by the Biomedical Informatics Research Network (BIRN), the same five healthy righthanded males were scanned in 10 study sites with two separate runs at each site while performing a blocked sensory-motor task. The scanners differed in magnet strength and manufacturer. Consistent with our findings, subject was a significant factor, and the authors noted that between-subject variability appeared greater than between-scanner variability. The significant scanner-related factors were noted as field strength, with higher field measurements being more reproducible, and type of k-space. In particular, differences in k-space filtering across scanners, by contributing to the initial spatial smoothness of the images, were found to be an important determinant of reproducibility across scanners (2) .
The consequences of k-space filtering are similar to the well-known spatial-domain Gaussian filtering performed in most fMRI data analysis packages as a preprocessing step (17) . This suggests that the amount of Gaussian smoothing employed in our analysis may also have had an impact on reproducibility. We found that a reduction in the size of the smoothing filter from 7.8 to 3.9 mm (FWHM) resulted in a decrease of the variance explained both by differences between subjects and between scanners. That is, the 3.9 mm filter shifted the variability toward the residual, or random, component of the variance. This suggests that the smaller filter may not be optimal for the present analysis, and therefore that the results obtained with the larger (7.8 mm) filter may be more valid. Following previous studies, our pilot experiment was performed in optimal conditions to minimize betweenscanner variability. Subjects performed the same motor task at five sites on a single day. All scanners were identical 1.5 T GE systems, and the same acquisition parameters and sequences were used at each site. The results of the present analysis suggest that multisite studies using homogeneous systems would be valid and interpretable. In "real-life" experimental settings, however, diverse scanner systems are likely to be the norm. It would therefore be important that further experiments were performed to clarify the general conditions for valid multisite studies in heterogeneous environments. Such studies are likely to benefit from a principled combination of measurement standardization and analytical strategies to cope with the extra variability (2).
In our study, the order of the sites was the same for all the subjects, raising the issue of whether a timerelated effect could confound the estimates of betweenscanner variance. Such a time-related effect could arise from practice effects or boredom. It would be important that future studies on interscanner reproducibility overcome this limitation, for example by randomizing the scanner order across individuals.
In conclusion, our results indicate that the variation in the intensity and volume of the activations attributable to between-scanner variability was small compared to between-subject and residual variation during the performance of a finger-tapping task. Estimates of between-scanner variability are a prerequisite for largescale multisite studies. Our results support the feasibility of such developments.
